ZMAb is a promising treatment against Ebola virus (EBOV) disease that has been shown to protect 50% (two of four) of nonhuman primates (NHPs) when administered 2 days post-infection (dpi). To extend the treatment window and improve protection, we combined ZMAb with adenovirus-vectored interferon-a (Ad-IFN) and evaluated efficacy in EBOV-infected NHPs. Seventy-five percent (three of four) and 100% (four of four) of cynomolgus and rhesus macaques survived, respectively, when treatment was initiated after detection of viremia at 3 dpi. Fifty percent (two of four) of the cynomolgus macaques survived when Ad-IFN was given at 1 dpi, followed by ZMAb starting at 4 dpi, after positive diagnosis. The treatment was able to suppress viremia reaching~10 5 TCID 50 (median tissue culture infectious dose) per milliliter, leading to survival and robust specific immune responses. This study describes conditions capable of saving 100% of EBOV-infected NHPs when initiated after the presence of detectable viremia along with symptoms.
INTRODUCTION
Ebola virus is an aggressive human pathogen, which is responsible for sporadic but deadly outbreaks of hemorrhagic fever, with Zaire ebolavirus (EBOV) being the most lethal and causing up to 90% mortality in untreated humans (1) . Treatment for infected patients is supportive in nature with simple hydration, administration of vitamins, and control of possible co-infections. There is no licensed vaccine or treatment. Over the last year, several studies have demonstrated potential for effective antibody-based therapy of EBOV infection. The successful treatment of nonhuman primates (NHPs) after challenge with concentrated, polyclonal immunoglobulin G (IgG) from NHP survivors of EBOV infection demonstrated that antibody treatments can be protective after exposure to the virus (2) . In a separate study, rhesus macaques were treated starting 1 day before challenge with three intravenous doses at 50-mg monoclonal antibody (mAb) mixture per animal, consisting of two human-mouse chimeric mAbs, ch133 and ch226, with strong EBOV-neutralizing activity. One of three animals survived challenge with no clinical symptoms and reduced viremia, but significant decreases in circulating mAb levels were observed in the two nonsurvivors with a concomitant increase in viral load (3) . Another group produced large amounts of three anti-EBOV human-mouse chimeric mAbs (c13C6, h-13F6, and c6D8) in Nicotiana benthamiana. Two of three infected rhesus macaques were protected when given a mixture of the three mAbs (MB-003) totaling 50 mg/kg per dose beginning at 1 or 2 days post-infection (dpi), with three additional identical doses spaced 2 to 3 days apart. Surviving animals experienced little to no viremia and had few clinical symptoms (4) . Another promising mAb combination therapy consisting of 1H3, 2G4, and 4G7 murine monoclonals (ZMAb) demonstrated complete survival in four cynomolgus macaques when three doses at 25 mg/kg were administered beginning at 1 dpi. The same treatment initiated at 2 dpi resulted in two of four survivors, with protected NHPs demonstrating EBOV-specific humoral and cell-mediated immune responses (5) . The successful protection of macaques with mAbs highlights the critical role of antibodies in the control of EBOV replication in vivo and supports their use as a clinical modality to treat EBOV infection in humans.
This study aims to build on the previous work by extending the post-exposure treatment window beyond current limits in NHPs. ZMAb was combined with Ad-IFN (6), a replication-defective recombinant human adenovirus serotype 5 (AdHu5) expressing consensus human interferon-a (IFN-a). Ad-IFN has been developed as a broadspectrum antiviral and shown to enhance the EBOV-specific adaptive immune response as well as inhibit viral replication (7) . It also enhances the protective efficacy of ZMAb treatments in guinea pigs, a lower animal model of EBOV infection (8) . On this basis, we investigated the protective efficacy of the combined ZMAb and Ad-IFN treatment in rhesus and cynomolgus macaques, administered either at the same time or with Ad-IFN first, followed by ZMAb days later. This later experimental design was to mimic an early response to a potential exposure without a diagnosis followed by a final treatment specifically targeting EBOV supported by a positive laboratory-confirmed diagnosis. Survival, clinical signs, and specific immune responses to EBOV were examined after challenge. improvement over either treatment alone (8) . Three separate studies aimed at enhancing protective efficacy were conducted in NHPs. The first experiment (Cyno72h, groups A and B) consisted of four cynomolgus macaques receiving three doses of ZMAb (50 mg/kg) intravenously at 3-day intervals, beginning at 3 dpi after an uniformly lethal intramuscular challenge with 1000 plaque-forming units (PFU) of EBOV. NHPs were supplemented with Ad-IFN (1 × 10 9 PFU/kg) intramuscularly at the time of the first dose (Fig. 1A) . Control mouse IgG and phosphate-buffered saline (PBS) animals (B1 and B2, respectively) succumbed to disease with symptoms typical of EBOV at 5 dpi. A control animal treated only with Ad-IFN was not performed because a previous study had already shown it to be ineffective in rescuing NHPs from lethal EBOV infection (9) . Control IgG was not combined with Ad-IFN as a control because the administration of an isotype control did not delay the time to death in a previous study (8) . Consequently, survival rates would not be expected to differ from animals receiving Ad-IFN alone. Three of four NHPs (A1, A3, and A4) survived challenge with mild signs of disease (Table 1) , with A2 experiencing a significant delay in time to forced euthanasia (25 dpi; P = 0.01 using the log-rank test for survival and comparing group A to B + D, total n = 8) (Fig. 1B) . Viremia was detected in all animals beginning at 3 dpi by TCID 50 (median tissue culture infectious dose) and qRT-PCR (quantitative reverse transcription polymerase chain reaction) from blood sampled just before treatment administration ( Fig. 1C and tables S1 and S2). Viremia decreased to undetectable levels by 16 dpi after completion of the treatment regimens but was uncontrollable in both control NHPs. Clinical scores and rectal temperatures remained normal for all surviving animals ( Fig. 1, D and E, and tables S3 and S4). Viremia in A2 rebounded to high levels a few days preceding euthanasia, with EBOV also detected in its cerebrospinal fluid at 5.8 × 10 8 genome equivalent copies (GECs)/ml. Notable changes in hematology and blood chemistry included leukocytopenia, thrombocytopenia, and elevated liver enzymes (ALT/ALP) in nonsurvivors on the date of euthanasia, which indicate liver dysfunction commonly associated with EBOV infection (9) . Survivors exhibited leukocytopenia and thrombocytopenia but did not exhibit blood chemistry abnormalities (Fig. 1, F to I, and tables S5 to S8).
The second experiment (Cyno96h, groups C and D) focused on extending the EBOV treatment window. Ad-IFN was first administered as a broad-spectrum antiviral when viral load is under the limit of detection of known assays, and then followed by EBOV-specific ZMAb treatment upon detection of viremia and fever. This protocol was designed to mimic a situation where suspected but unconfirmed exposures to EBOV can be managed preventively before specific treatment is administered after a confirmed diagnosis. A group of four cynomolgus macaques were given the same dose of Ad-IFN at 1 dpi and ZMAb regimens beginning at 4 dpi, when both viremia and fever can be detected in the animals ( Fig. 2A) . Control mouse IgG and PBS animals (D1 and D2, respectively) succumbed to EBOV disease at 5 and 6 dpi. Two of four NHPs (C2 and C3) survived infection, but both developed additional signs of disease before fully recovering by 28 dpi. C1 died at 6 dpi, whereas C4 displayed a significantly extended time to death (23 dpi) ( Fig. 2B ; P = 0.0397 using the log-rank test for survival and comparing group C to B + D, total n = 8). No viremia was detected in animal C4 at time of death; its oral, nasal, and rectal swabs were also negative in qRT-PCR for EBOV (table S9) . The blood was then sent for amplification and sequencing of 16S ribosomal DNA (rDNA) to verify whether it contracted a secondary infection. No 16S rDNA could be detected (table S9) . The cause of death in animal C4 is unknown. It was notable that C1 exhibited viremia levels of 3.16 × 10 6 TCID 50 at 4 dpi, at least 1 log higher than the other treated animals, but ZMAb was effective in reducing viremia in survivors to undetectable levels by 14 dpi. Unexpectedly, viremia was not observed in C4 at time of forced euthanasia ( Fig. 2C and tables S1 and S2). (Cyno72h) were challenged with EBOV (red arrow) and administered intravenously with ZMAb and intramuscularly with Ad-IFN (blue arrow) at 3 dpi and then two more intravenous ZMAb treatments at 6 and 9 dpi (green arrows). Control animals received either PBS (B1) or mouse IgG (B2). (B to E) Animals were sampled on treatment and postmortem days in addition to 14, 21, and 28 dpi and examined for (B) survival [*P = 0.0253, log-rank test Cyno72h versus two controls (B1 and B2)], (C) viremia, (D) clinical score, and (E) rectal temperature. (F to I) Variations in blood biochemistry and hematological levels were recorded for (F) alanine aminotransferase (ALT), (G) alkaline phosphatase (ALP), (H) platelets (PLT), and (I) white blood cells (WBCs). Animals A1 to A4 received the treatment; animals B1 and B2 were the controls. Table 1 . Clinical findings on days 1 to 28 after EBOV challenge. Hypothermia was defined as below 35°C. Fever was defined as >1.0°C higher than baseline. Mild rash was defined as focal areas of petechiae covering <10% of the skin, moderate rash as areas of petechiae covering 10 to 40% of the skin, and severe rash as areas of petechiae and/or ecchymosis covering >40% of the skin. Leukocytopenia and thrombocytopenia were defined as a >30% decrease in numbers of WBCs and platelets, respectively. Leukocytosis and thrombocytosis were defined as a twofold or greater increase in numbers of WBCs and platelets over baseline, where WBC count >11.000. ↑, two-to threefold increase; ↑↑, four-to fivefold increase; ↑↑↑, greater than fivefold increase; ↓, two-to threefold decrease; ↓↓, four-to fivefold decrease; ↓↓↓, greater than fivefold decrease. ALB, albumin; AMY, amylase; TBIL, total bilirubin; BUN, blood urea nitrogen; PHOS, phosphate; CRE, creatinine; GLU, glucose; GLOB, globulin; -, no change. B1 2 dpi mAb control Severe rash (5 dpi), leukocytopenia (5 dpi), thrombocytopenia (5 dpi) Died at 5 dpi TBIL↑ (5 dpi), BUN↑ (5 dpi), CRE↑↑ (5 dpi) B2 2 dpi PBS control Severe rash (5 dpi), thrombocytopenia (5 dpi) Died at 5 dpi ALP↑ (5 dpi), ALT↑↑↑ (5 dpi), BUN↑ (5 dpi), CRE↑↑ (5 dpi)
Animal

Cyno96h
C1
1 dpi Ad-IFN and 4 dpi 50 mg/kg mAb Fever (4 dpi), severe rash (6 dpi), leukocytopenia (6 dpi), thrombocytopenia (4, 6 dpi)
Died at 6 dpi ALT↑↑↑ (6 dpi), AMY↑↑↑ (6 dpi), TBIL↑↑ (6 dpi), BUN↑↑ (6 dpi), PHOS↑↑↑ (6 dpi), CRE↑↑↑ (6 dpi), GLU↑↑↑ (6 dpi) C2 1 dpi Ad-IFN and 4 dpi 50 mg/kg mAb Fever (21 dpi), mild rash (14 dpi), leukocytosis (10, 21, 28 dpi), thrombocytopenia (7, 10, 14 dpi) Survived ALP↑ (14, 21, 28 dpi), GLU↑ (4, 7, 10 dpi) C3 1 dpi Ad-IFN and 4 dpi 50 mg/kg mAb Hypothermia (14 dpi), leukocytopenia (7, 14 dpi), thrombocytopenia (4, 7, 10, 14, 21 dpi) Survived CRE↑ (7 dpi) C4 1 dpi Ad-IFN and 4 dpi 50 mg/kg mAb Hypothermia (10, 23 dpi), leukocytopenia (7, 14 dpi), leukocytosis (21 dpi), thrombocytopenia (7, 10, 14 dpi) Died at 23 dpi BUN↑ (23 dpi), GLU↑ (23 dpi), GLOB↑ (21, 23 dpi) D1 1 dpi PBS and 4 dpi mAb control Severe rash (6 dpi), leukocytopenia (6 dpi), thrombocytopenia (4, 6 dpi) Died at 6 dpi ALP↑ (6 dpi), TBIL↑ (6 dpi), GLU↑ (6 dpi) D2 1 dpi PBS and 4 dpi PBS control Severe rash (6 dpi), leukocytopenia (5 dpi), leukocytosis (2 dpi), thrombocytopenia (4, 5 dpi)
Died at 5 dpi ALB↓↓↓ (5 dpi), ALP↑↑↑ (5 dpi), ALT↑↑↑ (5 dpi), AMY↑↑ (5 dpi), BUN↑↑ (5 dpi), PHOS↑↑↑ (5 dpi), CRE↑↑↑ (5 dpi), GLU↓ (5 dpi), GLOB↓↓↓ (5 dpi)
Rhesus72h
E1
3 dpi Ad-IFN and 50 mg/kg mAb -Survived E2 3 dpi Ad-IFN and 50 mg/kg mAb Thrombocytopenia (6 dpi) Survived E3 3 dpi Ad-IFN and 50 mg/kg mAb -Survived E4 3 dpi Ad-IFN and 50 mg/kg mAb Leukocytosis (3, 9 dpi) Survived F1 3 dpi mAb control Moderate rash (6 dpi), leukocytopenia (7 dpi), thrombocytopenia (6, 7 dpi), ALB↑ (7 dpi), ALT↑↑↑ (6, 7 dpi), TBIL↑ (6, 7 dpi), BUN↑ (6, 7 dpi), PHOS↑↑ (7 dpi), CRE↑↑ (6 dpi) ↑↑↑ (7 dpi), GLU↓ (7 dpi), GLOB↑↑↑ (7 dpi) Died at 7 dpi
F2
3 dpi Ad-IFN only control Mild rash (6 dpi), moderate rash (9 dpi), leukocytosis (3 dpi), thrombocytopenia (6, 9 dpi) Died at 9 dpi ALT↑↑ (6, 7 dpi), PHOS↓ (9 dpi) Clinical scores were most prominent between 6 and 15 dpi, when rectal temperatures fluctuated for both surviving animals with C2 and C3 developing fever and hypothermia, respectively (Fig. 2 , D and E, and tables S3 and S4). Notable changes in hematology and blood chemistry include leukocytopenia, thrombocytopenia, and elevated ALT/ALP in nonsurviving animals on the date of euthanasia. Leukocytopenia was detected in survivor C3, whereas both survivors exhibited thrombocytopenia but no abnormal changes in their blood chemistry. Surprisingly, C4 did not exhibit abnormal liver function or platelet count before euthanasia. Leukocytosis was reported at 21 dpi but had dropped to within normal range before the humane endpoint for euthanasia was reached (Fig. 2 , F to I, and tables S5 to S8).
In the third experiment (Rhesus72h, groups E and F), a group of four rhesus macaques were administered the same treatment protocol as Cyno72h animals. Here, control animals (F1 and F2) were given control mouse IgG or Ad-IFN alone, respectively (Fig. 3A) . F1 and F2 succumbed to infection at 7 and 9 dpi, respectively, whereas all treated animals (E1 to E4) survived the challenge with low to no observable clinical signs of disease 1 week after treatment initiation ( Fig. 3B ; P = 0.0177 using the log-rank test and comparing group E to group F, total n = 6). Viremia and a fever of 40°C or above were detected at 3 dpi before treatment in all animals. No permanent abnormalities were observed with clinical scores, temperatures, blood chemistry, or hematology among survivors (Fig. 3 , C to I, and tables S1 to S8).
EBOV glycoprotein-specific antibody response
Immune responses were monitored after challenge to determine whether the ZMAb and Ad-IFN combination treatment can sufficiently control EBOV replication until the animals are able to generate their own protective immunity. Characterization of humoral responses involved the quantification of total serum EBOV glycoprotein (GP)-specific IgM and IgG by enzyme-linked immunosorbent assay (ELISA) or EBOV-specific neutralizing antibody (nAb) assays. Total NHP EBOV-GP-specific IgM levels were detected within 4 dpi in all survivors and remained constant until 28 dpi (Fig. 4 , A to C, and table S10), ranging from~10 3 to~10 5 reciprocal dilutions. In contrast, control animals exhibited low to undetectable levels with the exception of the Ad-IFN-treated F2 at its humane endpoint (9 dpi). In nonsurviving animals, IgM levels were comparable to survivors at 3 and 4 dpi in A2 and C4, respectively, but C1 had IgM levels below the detection limit of the assay.
Total NHP EBOV-GP-specific IgG levels were detected from all surviving NHPs by 6 dpi and increased until 28 dpi (Fig. 4 , D to F, and table S11). Control animals had undetectable levels of IgG at the time of euthanasia, with the exception of F2 at 9 dpi. Cynomolgus macaques from the Cyno72h group exhibited 2 log higher reciprocal dilutions of IgG than those from Cyno96h by 16 dpi (~10 6 versus 10 4 reciprocal dilutions), although Cyno96h survivors reached comparable IgG levels by 28 dpi. In the Rhesus72h group, IgG levels were variable among survivors with final levels reaching between~10 4 and 10 6 reciprocal dilutions. Among nonsurviving animals, A2 exhibited IgG levels 2.5 log lower than the survivors in this treatment group, and did not appreciably increase in titer throughout the experiment. C1 and C4 both exhibited IgG titer progression comparable to survivors in their treatment group until the time of euthanasia. Serum EBOV-specific nAbs were observed and peaked at 6 to 9 dpi in all ZMAb-treated animals, before diminishing to undetectable levels by 16 dpi. Control animals showed low to undetectable nAb titers after challenge ( fig. S1 and table S12 ).
EBOV-GP-specific T cell response
The EBOV-GP-specific T cell response was examined in survivor peripheral blood mononuclear cells (PBMCs) at 21 dpi with IFN-g enzyme-linked immunospot (ELISpot) assays and intracellular cytokine staining (ICS) flow cytometry. IFN-g ELISpots demonstrated that the response to EBOV-GP was comparable in the Cyno72h (Fig. 5A and table S13) and Cyno96h studies (Fig. 5B and table S13) , with three of four animals (A1, A3, and A4) and three of three animals (C2, C3, and C4) secreting IFN-g at an average of 911 and 1018 spot-forming units (SFUs)/10 6 PBMCs, respectively. The highest response was observed in the Rhesus72h group ( Fig. 5C and table S13 ), where four of four animals (E1 to E4) secreted IFN-g at an average of 2586 SFUs/10 6 PBMCs. The ICS assay provided a relative comparison between treatment groups of the EBOV-GP-specific CD4 + ( Fig. 5D and tables S14 to S18) or CD8 + ( Fig. 5E and tables S19 to S23) T cells that were either 
DISCUSSION
Early clinical symptoms after EBOV infection are general and resemble that of many other common pathogens where the virus is endemic, such as malaria, cholera, typhoid, and several others (10), which make differential diagnosis difficult during an outbreak. By the time positive cases are confirmed by serology (11) or qRT-PCR (12), prognosis is poor because it is Fig. 4 . Ebola-specific antibody responses. (A to F) Sera from the Cyno72h (A1 to A4), Cyno96h (C1 to C4), and Rhesus72h (E1 to E4) group were quantified by recombinant EBOV-GP ELISA to determine levels of EBOV-GP-specific IgM (A to C) and IgG (D to F), respectively. already too late to intervene even if the most recent experimental post-exposure treatments were made available. The goal of the current study was to develop and optimize a combination therapy that would be efficacious in NHPs after positive identification of EBOV infection. Rhesus macaques have primarily been used in past postexposure treatment studies (2-4, 13-17) because they mimic human physiologic and immune responses to EBOV disease (18) and succumb a few days later than cynomolgus macaques, thus providing extra time for intervention. Under our conditions, all untreated control cynomolgus and rhesus macaques succumbed to EBOV disease with a mean time to death of 6.04 ± 0.82 dpi (n = 23) versus 7.75 ± 1.26 dpi (n = 4), respectively ( fig. S2 ). Here, both rhesus and cynomolgus macaques were used to test the efficacy of Ad-IFN and ZMAb treatment across both NHP species.
Significant improvement was previously demonstrated with the Ad-IFN and ZMAb combination treatment over ZMAb alone in EBOV-infected guinea pigs (8) . Ad-IFN toxicity studies in rodents indicate tolerability and meet regulatory requirements. The results presented show that combination therapy with Ad-IFN and ZMAb is 75 and 100% protective in cynomolgus and rhesus macaques, respectively, when administered together at 3 dpi. ZMAb was still 50% effective at 4 dpi, provided Ad-IFN was given at 1 dpi in cynomolgus macaques. Animals could survive lethal infection when treatment was initiated after viremia detection, along with fever presentation. These results show that the Ad-IFN and ZMAb combination treatment is effective after confirmation of EBOV infection by qRT-PCR and that, at the minimum, it is possible to substantially reduce mortality rates of cases diagnosed early after symptom onset. This treatment significantly extended survival times before euthanasia, over 20 dpi, thereby providing an important opportunity for additional clinical interventions such as those commonly used in intensive care units to control blood chemistry and general homeostasis. In these studies, Ad-IFN was administered through a single intramuscular injection per regimen to conveniently ensure full delivery of the formulation in an animal species that cannot inhale on demand. However, Ad-IFN is intended for delivery in the airway from a nasal spray, a delivery route that was recently shown to overcome existing immunity to homologous adenovirus in rodents and NHPs (19, 20) . Surviving animals across the different groups exhibited robust EBOVspecific B and T cell responses after challenge. The strongest B cell responses were observed in animals receiving Ad-IFN and ZMAb starting at 3 dpi (Cyno72h and Rhesus72h groups) because IgG titers for these animals plateau by 14 dpi, compared to 28 dpi for the Cyno96h NHPs. High EBOV-specific IgG levels were shown to correlate with survival of lethally infected NHPs (21) . An EBOV-GP-specific T cell response was observed at 21 dpi in both the IFN-g ELISpot and the intracellular cytokine flow cytometry assays. The Cyno96h group had a higher percentage of CD8 + cells expressing IFN-g than Cyno72h, which may be attributed to the Cyno96h animals receiving Ad-IFN 48 hours earlier, resulting in the stimulation of a stronger IFN-g response.
No EBOV escape mutants were detected in any nonsurviving NHPs. Animal C1 aside, the Ad-IFN and ZMAb combination therapy was successful in suppressing viremia in treated NHPs to undetectable levels by 16 dpi. C1 was shown to be especially susceptible to EBOV infection, as evidenced by increased levels of viremia by both TCID 50 and qRT-PCR detected at 4 dpi compared to other surviving NHPs. It is possible that higher viremia had overwhelmed the treatment regimens, and by 4 dpi, it was already too late for intervention. In contrast, C4 died at 23 dpi despite the presence of comparable B and T cell responses with those of the survivors within its treatment group. However, there was no evidence that this animal succumbed to EBOV disease because viremia was undetectable by both qRT-PCR and TCID 50 , and EBOV could not be isolated by qRT-PCR from oral, rectal, and nasal swabs. PCR of blood targeting the 16S gene in bacteria was also negative. Symptoms indicative of EBOV disease were not observed at the time of euthanasia, and gross pathology did not reveal any signs of EBOV infection. The cause of death could not be identified, and if it was a result of EBOV infection, it followed an unconventional sequence of events.
A2 had weaker serum IgG levels that did not increase over the course of the experiment after 6 dpi, as well as undetectable levels of IFN-g-secreting cells coupled with low CD4 + and CD8 + T cell activation. Viremia was cleared by 16 dpi but was then detected again at 22 dpi, coupled with unilateral paralysis. EBOV was detected by qRT-PCR from the cerebrospinal fluid of this animal in similar titers to that detected in the blood, demonstrating that the virus crossed the blood-brain barrier (BBB) into the nervous system. A long-lasting, persistent infection may have been established by EBOV-infected macrophages (22) , which presumably could cross the BBB, resulting in the evasion of immune responses and accounting for the reemergence of EBOV viremia after its initial drop. This is consistent with a past study, where six treated rhesus macaques that eventually succumbed to EBOV disease at an average of 21.7 dpi exhibited a variety of deteriorating clinical and pathological signs not observed in control animals, in addition to isolation of EBOV antigen in the brain and eye (23) . Like all other large molecules including recombinant proteins, gene therapeutics, and mAbs (24), ZMAb is not expected to cross the BBB readily, and it is questionable that another dose of ZMAb would have changed the survival outcome. However, recent studies have shown that engineered bispecific antibodies targeting b-secretase 1 and transferrin have the ability to cross the BBB (25) , representing a potential method to overcome this limitation. More indepth studies, including the susceptibility of neurons and other cells of the central nervous system to EBOV infection, will be necessary to further investigate this phenomenon and its implications on EBOV treatment strategies.
The major limitation of this study is the small number of biological replicates, which affects the power of statistics calculated on all secondary objectives and precludes concluding with accuracy on the significance of close yet different survival rates. This limitation is due to space, reagent, and time when working with containment level 4 (CL4) agents and ethical constraints of working with NHPs. This issue is compounded by the fact that the animals are outbred and not necessarily related to each other, which increases the breadth of observed responses. It is for those reasons that all values are represented in every graph. The next step to refine this successful treatment against Ebola virus infection should include an increase in statistical power. Therefore, future studies will need to focus on a few selected optimal treatments with increased numbers of NHPs per group to compensate for the shortcoming associated with limited biological replicates.
The Ad-IFN and ZMAb combination is shown in the present studies to be effective at treating EBOV disease in both rhesus and cynomolgus macaques. Treatment at the current doses can suppress viremia up tõ 10 5 TCID 50 , leading to survival. EBOV viremia could potentially be a measure of prognosis and relative treatment efficacy during an EBOV infection (26) . Antibody-derived treatments presently offer by far the highest efficacy against EBOV infection in NHPs and boast an excellent safety profile based on the multitude of clinical modalities currently in use to treat several human diseases. Albeit experimental, mAb-based treatments have rapidly been identified by several Biosafety Level 4 programs as the favored clinical option to be included in an emergency response to an accidental EBOV exposure.
MATERIALS AND METHODS
Study design
This study was designed to investigate whether the efficacy of ZMAb treatment after EBOV infection can be improved with a simultaneous Ad-IFN administration, whether the treatment window can be extended after exposure, and whether Ad-IFN + ZMAb treatment is similarly effective in a different NHP species. Our previous study has shown that 50% of cynomolgus macaques can be saved using ZMAb treatment alone when it is administered starting at 48 hours after challenge (5). Because of space restrictions and to limited amounts of the ZMAb antibodies, a total of 12 cynomolgus macaques were randomized between four groups: two test groups (n = 4 each) and two control groups (n = 2 each). Six rhesus macaques were randomized in two groups (test group, n = 4; control group, n = 2). The control groups were kept small for humane reasons. After challenge with EBOV, one group of cynomolgus macaques was treated with Ad-IFN + ZMAb starting at 72 hours to test for increased efficacy, one group of cynomolgus macaques was treated with Ad-IFN 24 hours after challenge before receiving ZMAb starting 96 hours after challenge to test for an extension of the potential treatment window, and the group of rhesus macaques was treated with Ad-IFN + ZMAb starting at 72 hours to test for efficacy in a different NHP species. A number of parameters relevant to survival were monitored over an experimental period of 28 days, including clinical score, viremia by qRT-PCR and TCID 50 titrations, hematology, blood chemistry, IgG and IgM ELISAs, nAb assays, IFN-g ELISpot, and flow cytometric ICS assays. This study was not blinded. The study's primary objective is to assess survival rates; all other measurements are considered secondary objectives (clinical disease, immune response, etc.). All assays, except for the flow cytometric ICS, were performed in triplicate. Because there were few animals per group, all values are shown on all graphs.
Viruses and peptides
The challenge virus was Ebola virus H.sapiens-tc/COD/1995/Kikwit-9510621 (EBOV) (order Mononegavirales, family Filoviridae, species Zaire ebolavirus; GenBank accession no. AY354458) obtained from the Centers for Disease Control and Prevention (Atlanta, GA), passaged twice on Vero E6 cells cultured in complete minimal essential medium. The reporter virus used for the nAb assay is Ebola virus NML/H.sapienslab/COD/1976/Mayinga-eGFP-p3 (EBOV/May-eGFP) (derived from an Ebola virus, family Filoviridae, species Zaire ebolavirus; GenBank accession no. NC_002549), which encodes the enhanced green fluorescent protein (eGFP) reporter gene between the NP and VP35 open reading frames. Ad-IFN is a replication-deficient recombinant adenovirus serotype 5 that drives the expression of human IFN-a (6), also known as DEF201 (Defyrus Inc.). The peptides (Mimotopes) used as stimulation for T cell assays were 15-mers with an 11-amino acid overlap that spanned the EBOV surface GP. The peptides were combined in three pools as follows: pool 1 has 56 peptides (amino acids 1 to 235), pool 2 has 56 peptides (amino acids 236 to 459), and pool 3 has 55 peptides (amino acids 460 to 676).
Animals
Twelve 2.1-to 5.9-kg cynomolgus macaques (Macaca fascicularis) and six 3.1-to 5-kg rhesus macaques (Macaca mulatta) were purchased from Primus Bio-Resources. The studies were conducted in the CL4 facility at the Canadian Science Center for Human and Animal Health (CSCHAH), in compliance with the CSCHAH Animal Care Committee following the guidelines of the Canadian Council on Animal Care. The animals were fed standard monkey chow, fruits, vegetables, and treats. Husbandry enrichment consisted of visual stimulation and commercial toys. The subjects were scored daily for signs of disease, and food and water consumption. On treatment days and days 14, 21, and 28, the body temperature and weight were measured, and the following were sampled: blood for serum biochemistry and cell count, Ig detection, and viremia; swabs from the oral, nasal, and rectal cavities. Blood samples for PBMC isolation were collected on day 21 (day 22 for group A) from the surviving animals.
Three individual NHP studies were performed (Table 1 ). All animals were challenged intramuscularly with 1000 PFU [1000 × LD 50 (median lethal dose)] of EBOV (27) (1 ml in two sites) on day 0. The Cyno72h (A1 to A4, B1, and B2) and Rhesus72h (E1 to E4, F1, and F2) groups were given Ad-IFN at 1 × 10 9 PFU/kg at 3 dpi along with ZMAb (50 mg/kg) on 3, 6, and 9 dpi. The Cyno96h (C1 to C4, D1, and D2) group was given Ad-IFN at 1 × 10 9 PFU/kg at 1 dpi and ZMAb (50 mg/kg) at 4, 7, and 10 dpi. The two controls in each of cynomolgus studies were given different mock treatments on the same treatment dates as their respective group. Controls B2 and D2 received PBS. Control B1 received mouse IgG (50 mg/kg) (Lampire Biological) in PBS-100 mM sucrose at 2 dpi, whereas control D1 received PBS at 1 dpi, and the mouse IgG at 4 dpi. One of the two rhesus controls (F1) received mouse IgG (Equitech-Bio Inc.), whereas the other (F2) received Ad-IFN at 1 × 10 9 PFU/kg at 3 dpi.
EBOV-GP-specific neutralizing mAb production The development and characterization of the EBOV-GP-specific neutralizing mAbs in the ZMAb treatment were described previously (28, 29) . The large-scale production was conducted by the Biotechnology Research Institute. Mouse hybridomas were grown in Hybridoma SFM (Invitrogen) and 1% ultralow IgG fetal bovine serum (FBS) (Invitrogen) in 45-liter batches for 5 days. After centrifugation, the supernatant was clarified with cartridge filters and then concentrated 10 times by tangential flow filtration (TFF) with a 30-kD Omega Centrasette II cassette (Pall Corp.). The concentrate was diafiltered against 5 volumes of protein G binding buffer (20 mM NaH 2 PO 4 , 0.15 M NaCl at pH 8.0). This feedstock was loaded on an equilibrated protein G-Sepharose 4FF column and washed with binding buffer until the ultraviolet absorbance returned to baseline, and the mAb was eluted with 0.1 M glycine and 0.15 M NaCl (pH 2.8), which was immediately neutralized with 1 M tris (pH 8.8). The purified IgG fractions were pooled and concentrated by TFF to 20 to 30 mg/ml and then diafiltered against 5 volumes of PBS. The final product was sterile-filtered on a 0.22-mm filter and stored at −80°C. Protein concentration and purity were assessed by high-performance liquid chromatography, purity was 97 to 99%, and endotoxin levels were <2 to 8.8 endotoxin units/ml. The antibodies were combined and diluted before injection to a final concentration of 20 mg/ml; to improve solubility, we added concentrated sucrose in Dulbecco's PBS (HyClone) to a final concentration of 100 mM sucrose.
Enzyme-linked immunosorbent assay
ELISAs for monkey IgG and IgM were performed as described previously (30) , with a recombinant EBOV-GPDTM (IBT Bioservices) as a capture antigen. The assays were performed once with each sample assayed in triplicate. A dilution was considered positive if its mean value was at least 2 SDs above the mean of a similar day 0 dilution.
EBOV titration
The TCID 50 for each time point was determined by adding 10-fold serial dilutions of whole blood to Vero E6 cells with four replicates per dilution. The plates were scored for cytopathic effect at 14 dpi, and the titers were calculated with the Reed and Muench method (31) . For titers as measured by genome copies, total RNA was extracted from whole blood with the QIAmp Viral RNA Mini Kit (Qiagen). EBOV was detected by qRT-PCR with the LightCycler 480 RNA Master Hydrolysis Probes (Roche) assay targeting the RNA polymerase (nucleotides 16472 to 16538, AF086833). The reaction conditions were as follows: 63°C for 3 min, 95°C for 30 s, and cycling of 95°C for 15 s, 60°C for 30 s for 45 cycles with a LightCycler 480 II (Roche). The lower detection limit for this assay is 86 GECs/ml. The primer sequences were as follows: EBOVLF2 (CAGCCAGCAATTTCTTCCAT), EBOVLR2 (TTTCGGTTGCTGTTTCTGTG), and EBOVLP2FAM (FAM-ATCATTGGCGTACTGGAGGAGCAG-BHQ1).
EBOV/May-eGFP-neutralizing antibody assays Sera were inactivated for 45 min at 56°C and serially diluted twofold with Dulbecco's modified Eagle's medium in triplicate. Diluted sera were incubated at 37°C for 60 min with an equal volume of EBOV/May-eGFP (100 PFU per well). The mixture was added to Vero E6 cells and incubated at 37°C for 48 hours. The plates were fixed with 10% phosphate-buffered formalin. eGFP fluorescence was quantified with a fluorescence plate reader (Advanced Imaging Devices). The highest serum dilution to reduce the fluorescence signal by at least 50% was considered to be the endpoint titer. Neutralization titers are reported as reciprocal of this dilution.
Cytokine assays
For cynomolgus macaques, PBMCs were isolated by centrifuging whole blood at 1200g for 10 min and then diluting the buffy coat in RPMI before layering onto 60% Percoll (GE Healthcare) and centrifuged at 500g for 30 min. The band at the medium-Percoll interface was harvested and washed once with RPMI and resuspended in cRPMI (RPMI 1640, 1 mM L-glutamine, 50 mM b-mercaptoethanol, 10% FBS, and 1% penicillin/streptomycin).
For rhesus macaques, PBMCs were isolated by diluting whole blood with PBS (1:2) and layering the diluted blood on Ficoll (GE Healthcare) and centrifuging at 400g for 40 min. The band at the PBS-Ficoll interface was harvested and washed once in PBS and twice in L15 medium (HyClone). The cells were resuspended in cRPMI.
IFN-g ELISpot assays (BD Biosciences) were performed in triplicate according to the manufacturer's protocol with 5 × 10 5 PBMCs per well in cRPMI. Three peptide pools were used for stimulation (2.5 mg/ml) and incubated for 18 hours. Spots were visualized with the AEC substrate (BD Biosciences) and quantified with the ELISpot Plate Reader (AID Cell Technology).
The frequency of CD4 + or CD8 + cells producing IFN-g, IL-2, IL-4, and CD107a was assessed by flow cytometry using the following antibodies: CD3 Alexa Fluor 700 (clone SP34-2) and CD4 peridinin chlorophyll protein (PerCP)-Cy5.5 (clone L200) from BD Biosciences; CD8 phycoerythrin (PE)-Cy7 (clone RPA-T8), CD107a Brilliant Violet 421 (clone H4A3), IL-2 Alexa Fluor 488 (clone MQ1-17h12), IL-4 PE (clone 8D4-8), and IFN-g allophycocyanin (APC) (clone B27) from BioLegend. One million PBMCs were stimulated overnight with peptides (5 mg/ml), using GolgiPlug (0.5 ml/ml) and GolgiStop (0.6 ml/ml), in the presence of the anti-CD107a antibody. After surface staining (for CD3, CD4, and CD8), the samples were incubated twice for 30 min in Cytofix/Cytoperm (BD Biosciences) for permeabilization and removal from CL4. ICS was performed, and the samples were kept overnight in PBS-1% formaldehyde. Then, 250,000 to 500,000 events were acquired on a BD LSR II, and the data were analyzed with FlowJo vX.0.6.
PCR of blood for the 16S gene Whole blood was lysed in AVL buffer (Qiagen) and removed from CL4 as per the appropriate standard operating procedures. The DNA was extracted, and the purified genomic DNA was used in a PCR with the primers pA and pDr (32) . The reaction was run on an agarose gel and, if a product was present, sent for sequencing. The PCR conditions were as follows: the reaction used the Platinum Taq enzyme (Invitrogen); 5% dimethyl sulfoxide; cycling conditions: 94°C for 5 min, 35 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min, final extension of 72°C for 10 min.
Statistics
Survival was assessed with the log-rank test; for rhesus macaques, four historical controls were included in the control group, whereas the two cynomolgus macaque control groups (groups B and D) were grouped together for the statistical analysis; the statistics were calculated with GraphPad Prism 5. For IgG and IgM ELISAs, a positive signal was defined as an optical density value at least 2 SDs above a similar dilution of the day 0 serum for the same animal. For the ELISpot assay, positive signal was determined by subtracting the average mediumonly count from the average peptide-stimulated count. For fluorescenceactivated cell sorting, medium-only frequencies were subtracted from the peptide-stimulated frequencies if the stimulated samples had frequencies at least twice that of the medium-only sample. The sum of the three peptide pools is presented.
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